How spontaneous deletions form in bacteria is still a partly unresolved problem. Here, we show that deletion formation in Salmonella typhimurium requires the presence of functional translesion polymerases. First, in wild-type bacteria, removal of the known translesion DNA polymerases, PolII (polB), PolIV (dinB), PolV (umuDC), and SamAB (samAB), resulted in a 10-fold decrease in the deletion rate, indicating that 90% of all spontaneous deletions require these polymerases for their formation. Second, overexpression of these polymerases by derepression of the DNA damage-inducible LexA regulon caused a 25-fold increase in deletion rate that depended on the presence of functional translesion polymerases. Third, overexpression of the polymerases PolII and PolIV from a plasmid increased the deletion rate 12-to 30-fold, respectively. Last, in a recBC ؊ mutant where dsDNA ends are stabilized due to the lack of the end-processing nuclease RecBC, the deletion rate was increased 20-fold. This increase depended on the translesion polymerases. In lexA(def) mutant cells with constitutive SOS expression, a 10-fold increase in DNA breaks was observed. Inactivation of all 4 translesion polymerases in the lexA(def) mutant reduced the deletion rate 250-fold without any concomitant reduction in the amount of DNA breaks. Mutational inactivation of 3 endonucleases under LexA control reduced the number of DNA breaks to the wild-type level in a lexA(def) mutant with a concomitant 50-fold reduction in deletion rate. These findings suggest that the translesion polymerases are not involved in forming the DNA breaks, but that they require them to stimulate deletion formation.
S
pontaneous deletions are formed at relatively high frequencies in growing bacteria, but they rarely become fixed in the population because of their normally deleterious nature. The different mechanisms that are involved in deletion formation are well described with regard to deletions that form between long sequence homologies, whereas the mechanism for deletion formation involving little or no sequence homology is still quite unclear. Deletion formation can be divided into 3 classes depending on the mechanism of formation. First, deletions can be formed by RecA-dependent homologous recombination, which requires at least 20-40 bp of homology to be effective (1) . However, several studies suggest that many spontaneous deletions are formed via RecA-independent pathways (2-4) where short (Ͻ25 bp) or no repeats are found at the deletion endpoints. Such recombination is often referred to as illegitimate recombination (5) (6) (7) (8) , and it can further be divided into 2 subgroups: short homology-dependent illegitimate recombination (SHDIR) and short homology-independent illegitimate recombination (SHIIR), where the former involves some short homology at the endpoint and the latter does not (9) . SHDIR has been proposed to occur by 2 mechanisms, single strand annealing and slipped strand mispairing, explaining formation of small deletions in a replication fork, but failing to explain how large spontaneous deletions could be formed between distant sites with no or little homology (5, 10) . Last, SHIIR, or true illegitimate recombination, can occur between distant sites and requires no homology at all. One mechanism for SHIIR is nonhomologous end-joining (NHEJ), a widely used mechanism in the repair of broken chromosomes in eukaryotes, where 2 DNA ends are directly ligated together by a special DNA ligase (Ku ligase). Recently, this type of recombination has been found in certain bacteria harboring these special DNA ligases (7) . In bacteria that do not posses the Ku ligase (e.g., Salmonella typhimurium and Escherichia coli), SHIIR has been suggested to occur via DNA gyrase-mediated illegitimate recombination (11, 12) , where 2 separate DNA gyrase molecules covalently bound to DNA are involved in a reciprocal gyrase subunit exchange, resulting in DNA loss (12) . From other studies, genes involved in the repair of damaged DNA and in replication have been shown to influence deletion formation (10, (13) (14) (15) (16) (17) , and DNA breaks have been associated with increased deletion formation in several systems (18, 19) .
In a bacterial cell, DNA repair is a constantly ongoing process due to the generation of various DNA damages. DNA damages will induce a repair system in the cell, the SOS response (20) , that is activated on RecA filamentation on ssDNA, and where filamented RecA mediates proteolytic cleavage of the LexA repressor protein (21) . Induction of the LexA regulon by DNA damage changes expression of Ϸ40 genes, most of which are up-regulated (20, 22) . Among these genes, several endonucleases and the Y family of DNA polymerases can be found. Polymerases in the Y family are responsible for bypassing several different types of DNA lesions in a mutagenic translesion process. In S. typhimurium, 4 translesion DNA polymerases are known: PolII (polB), PolIV (dinB), PolV (umuDC), and the PolV homologue SamAB (samAB). Under noninduced conditions, these polymerases are present in low numbers, whereas during the SOS response, a 10-to 20-fold increase in levels is observed depending on the particular polymerase (23) . All 4 polymerases have a lower processivity (typically adding on 300-400 nt before dissociating) (24) than the normal replicative DNA polymerase PolIII (dnaE) (23) . With regard to the SOS response and deletion formation, previous results suggest that induction of the SOS response does not increase deletion formation between tandem repeats (13, 14) . However, constitutive expression of the SOS regulon has been observed in several mutants that show increased deletion formation (13) (14) (15) (16) , possibly implying an involvement of the SOS system in deletion formation.
Several approaches have been used to study deletion formation, most of them involving systems where artificial homology and/or deletion targets are present on a plasmid or on the chromosome (8, 10, 25) . Here, we studied spontaneous deletion formation in a specific region of the S. typhimurium chromosome. (Fig. 1 ; Materials and Methods) (4) . In this system, deletion formation is easily detected and the deletable region lacking essential genes extends at least 200 kbp, making this deletable region a useful system to study spontaneous deletion formation on the chromosome without any severe restrictions on deletion size or the presence of certain recombination homologies (4) . Also, because no direct repeats Ͼ25 bp in length are present in this region, RecA-dependent homologous recombination is likely to be a minor contributor to deletion formation.
Mutations in the normal replicative polymerase (PolIII) have been shown to increase deletion formation (13, 14) . However, to our knowledge, the role of other polymerases in deletion formation has not been studied to any greater extent. One study has investigated the role of the translesion DNA polymerases Pol II, PolIV, and PolV on RecA-dependent deletion formation between long (787 bp) tandem repeats (26) , but no effect on deletion formation was seen in wild-type background for any of the polymerases, even though removal of PolIV did reduce deletion formation moderately in a dnaBts mutant background. Here, we specifically determined how the translesion DNA polymerases PolII, PolIV, PolV, and SamAB influenced deletion formation when no artificial long DNA repeats are present. Results show that spontaneous deletion formation requires the presence of these DNA polymerases, and that their overproduction strongly stimulates deletion formation.
Results

Spontaneous Deletion Formation Requires Functional Translesion DNA
Polymerases. We examined how the translesion polymerases influenced deletion formation by mutationally inactivating the 3 chromosomally encoded polymerases (PolII, PolIV, and PolV) and the PolV homologue SamAB, a fourth translesion polymerase that is encoded by the plasmid-borne (pSLT) samAB genes in S. typhimurium. Separately, or in combinations of 2, these mutations caused no significant decrease in deletion rate, whereas simultaneous inactivation of any 3 polymerases resulted in a 2-to 5-fold decrease in deletion rate (Fig. 2) . Also, simultaneous inactivation of all 4 translesion polymerases resulted in a 10-fold decrease in deletion formation as compared with the wild type (Fig. 2) , suggesting that 90% of the spontaneous deletions seen in wild-type cells require functional translesion DNA polymerases for their formation.
Derepression of Translesion Polymerases Increases Deletion Formation. Because inactivation of the translesion polymerases decreased deletion formation in the wild type, we determined whether increased expression would stimulate deletion formation. These polymerases are under control of the LexA repressor, and a lexA(def) mutant with constitutive expression of the translesion polymerases was used to confer increased expression. As shown in Fig. 3 , a lexA(def) mutation increased the deletion rate 25-fold. To determine whether the translesion polymerases were causing this induction, the polymerases PolII, PolIV, PolV, and SamAB were inactivated separately and combined. Individual inactivation of each one of the 4 polymerases reduced the relative increase in deletion rate from 25-fold to 5-to 10-fold, suggesting that all 4 polymerases contribute approximately equally to the increased deletion rate seen in the lexA(def) background (Fig. 3) . Inactivation of combinations of 2 polymerases did not decrease deletion formation further, whereas combinations where any 3 polymerases were inactivated decreased the deletion rates to wild-type level (Fig. 3) . Last, inactivation of all 4 polymerases in the lexA(def) mutant reduced the relative deletion rate to 0.1, approximately a 250-fold reduction as compared with the lexA(def) mutant (Fig. 3) .
Overexpression of Certain Individual Translesion Polymerases Causes
an Increase in Deletion Formation. Because an increased deletion rate was seen in a lexA(def) mutant expressing all of the translesion polymerases at increased levels ( Fig. 3) , we determined whether overexpression of each separate polymerase could stimulate deletion formation. Overproduction of PolII and PolIV from an arabinose-inducible plasmid (pBAD30) (27) increased the deletion rate 12-and 30-fold, respectively (Fig. 4) . In contrast, overexpression of PolV and SamAB caused no increase in deletion rate (Table S1 ). Both UmuDC and SamAB contain the RecA cleavage site between Cys-24 and Gly-25 at the N terminus of UmuD and SamA, respectively, and cleavage and removal of the 24 N-terminal amino acids are necessary to convert the proteins to their active form (28) . However, overproduction of the truncated polymerase subunits, UmuDЈC and SamAЈB, from the same pBAD30-based plasmid, resulted in no increase in deletion rate (Table S1 ). Similarly, overproduction of the truncated polymerase subunits, UmuDЈC and SamAЈB in mutant strains that had the chromosomal wild-type copies of the umuDC and samAB genes inactivated caused no increase in deletion formation (Table S1 ). One possible explanation for the lack of enhancement of mutagenesis is that expression from the plasmid pBAD30 is not high enough to allow deletion formation mediated by PolV and SamAB, whereas expression is sufficient for PolII and PolIV to increase the deletion rates. Control experiments demonstrated that arabinose induction of the pBAD30 plasmid with a nonfunctional PolIV, carrying an inactivating point mutation in the active site [dinB(D108G)], had no effect on deletion rates, demonstrating that neither the plasmid itself, nor overexpression of protein, nor the arabinose caused the increased deletion rates.
Role of RecA in Formation of Polymerase-Dependent Deletions. Because RecA is a key protein in homologous recombination, we examined its role in formation of polymerase-induced deletions. First, when introduced into a wild-type genetic background a recA Ϫ mutation caused a 5-fold decrease in deletion formation (Fig. 2) . Second, when a recA null mutation was introduced into a lexA(def) mutant, derepression of the LexA regulon caused only a 6-fold increase in deletion rate as compared with the 25-fold increase seen in the recA ϩ lexA(def) single-mutant strain, indicating a partial requirement for RecA (Fig. 3) . Third, when separately overproducing PolII and PolIV from the pBAD plasmid, a recA Ϫ mutation had no effect on deletion formation. In the recA mutant, a 20-and 30-fold induction in deletion formation, respectively, could be observed, and this increase was similar to that seen in the wild type (12-and 30-fold increases, respectively) (Fig. 4) . These results show that deletion formation caused by the translesion polymerases in the wild-type and lexA(def) mutant partly depended on RecA, whereas the deletions induced by plasmid-overproduction of PolII and PolIV were RecA-independent (see Discussion).
Stabilized dsDNA Ends Increase Deletion Formation, and This Increase Depends on the Presence of Functional Translesion Polymerases.
Because an increased deletion formation has been associated with mutants that accumulate DNA breaks (18, 19) , we determined whether such an increase could be observed in our assay system. RecBC is the major ds-exonuclease in S. typhimurium and a key component of recombinational repair. This enzyme possesses a high affinity for dsDNA ends, and it rapidly degrades broken DNA. A recBC Ϫ mutant is defective in processing dsDNA ends, which results in an increased number of DNA ends in the cells due to stabilization of the generated dsDNA breaks (29) . In a recBC Ϫ mutant, the deletion rate was increased 20-fold as compared with the wild type (Fig. 5A) , and removal of all 4 translesion polymerases in the recBC Ϫ background decreased the relative deletion rate to Ϸ0.1, an Ϸ200-fold reduction (Fig. 5B) . Thus, the increased deletion rate seen in the recBC Ϫ mutant completely depended on the translesion polymerases.
Increased Levels of DNA Breaks Due to Derepression of the LexA
Regulon Do Not Require Functional Translesion DNA Polymerases. The deletion-inducing effect of the translesion DNA polymerases could be explained in at least 2 ways: either they increase the amount of recombination substrate (i.e., DNA ends) or they are involved in later processing of the DNA ends. With regard to the first possibility, because of the low processivity of these polymerases, their overproduction could induce replication pausing and, as a result, DNA breaks that stimulate recombination (18, 25, (30) (31) (32) . To examine this idea, we determined whether overproduction of the translesion polymerases caused an in- Fig. 3 . Effect of LexA and the translesion DNA polymerases on spontaneous deletion formation. Rates are given relative to the mean deletion rate of the wild type (9 ϫ 10 Ϫ10 Ϯ 0.1 ϫ 10 Ϫ10 ). Error bars are SEM. The lexA(def) mutant (DA10598, lexA(def), sulA46::spc, cured of fels-2, gifsy-1, and gifsy-2), and the wild type (DA10212) are not isogenic, but deletion rates for the lexA(def) mutant are given relative to the wild type. As a control, deletion rates of an isogenic lexA ϩ strain (DA14668) sulA46:.spc, cured of fels-2, gifsy-1, and gifsy-2 were measured and found to be similar to the wild type. creased number of DNA breaks. Using the TUNEL assay, we measured breaks present in the chromosome of the different mutant strains. Because double-strand breaks (DSB) are rapidly degraded by the RecBC exonuclease in wild-type cells (25) , this assay should mainly detect single-strand gaps, and to allow measurements of DSB, assays were also performed in the recBC Ϫ mutant, where both types of breaks are detected. However, it is possible that dsDNA breaks are also detectable in the recBC ϩ background because of the better affinity of terminal transferases for dsDNA ends. For all of the TUNEL assays, wild-type cells treated with mitomycin C (MMC), a drug that creates both ss-and dsDNA breaks, was used as a positive control. With MMC, a 20-fold increase in break formation could be measured, representing the positive control for the increase in number of DNA breaks discernable with this method.
For the constitutively induced lexA(def) mutant, the number of ssDNA gaps was increased 10-fold (Fig. 6) , a finding compatible with the idea that the translesion polymerases stimulate deletion formation by inducing DNA breaks. However, if overproduction of the translesion polymerases caused the DNA breaks and the associated increase in deletion rates, one would expect that inactivation of the translesion polymerases in the lexA(def) background should also, concomitantly with the observed reduction in the deletion rate (Fig. 3) , reduce the number of DNA breaks. No such reduction in the number of breaks was observed (Fig. 6) , even though the deletion rate was reduced below wild-type levels (Fig. 3) , implying that the polymerases do not stimulate deletion formation by inducing DNA breaks. Similarly, for the recBC Ϫ mutant, dsDNA breaks increased 20-fold and inactivation of all 4 polymerases in the recBC Ϫ mutant reduced the deletion rate Ϸ200-fold, without any associated decrease in DNA breaks. These results imply, first, that neither ss nor ds breaks require the translesion polymerases for their formation (even though both types of breaks might act as a template for the polymerases during deletion formation), and second, that for DNA breaks to stimulate deletion formation, functional translesion polymerases are required.
Finally, which functions in the LexA regulon might, when overproduced, cause the DNA breaks? One possibility is that the extensive ss breaks observed in the lexA(def) mutant were formed by endonucleases under LexA control (e.g., RuvC, Cho, MutY, Nfo, UvrABC, and Tag, or genes with unknown function; recN and dinI). This idea is compatible with the observation that certain endonucleases when present in high numbers may attack undamaged DNA (33), and as a consequence cause DNA breaks.
Mutational inactivation of the above genes, alone or in combinations, revealed that inactivation of uvrB, uvrC, and cho in combination reduced the number of DNA breaks seen in a lexA(def) mutant to the wild-type level, with uvrB and uvrC conferring the largest effect (Fig. S1 ). The decrease in DNA breaks seen in the triple mutant was associated with a concomitant 50-fold reduction in deletion formation (Fig. 3) . Thus, in the lexA(def), uvrB Ϫ , uvrC Ϫ , cho Ϫ mutant, the translesion DNA polymerases are still expressed at a high level, but they cannot stimulate deletion formation when DNA break formation is prevented by inactivation of these endonucleases.
Discussion
The presented results show that 90% of the deletions seen in wild-type cells require functional translesion DNA polymerases to form (Fig. 2) . Conversely, increased expression, via SOS induction or artificial overproduction of these polymerases, increased the rate of deletion formation Ϸ10-to 30-fold (Figs.  3 and 4) . Here, we provide direct evidence showing that deletion formation depends on the translesion polymerases. Previous reports suggest an involvement of the normal replicative PolIII in deletion formation between short and long tandem repeats (34, 35) , and in illegitimate recombination (10) . Also, an important role for the translesion polymerases, in particular PolIV, has been shown for frameshift mutations (36) , and in deletion formation between long tandem repeats, but the mechanism of frameshift formation and RecA-dependent homologous recombination is different from that observed for large deletions with no or little homology at deletion endpoints (1, 37) . In view of previous data, involvement of the LexA regulon and the translesion polymerases in deletion formation is unexpected, because results from specific model systems containing recombining tandem repeats indicate that induction of the SOS response itself does not increase deletion formation (13, 16, 38) . One interpretation of these conflicting results is that deletions formed between tandem repeats are not mediated via the same mechanism as spontaneous deletions in a normal bacterial chromosome.
As shown here, deletion rates in wild-type cells as well as in a lexA(def) mutant (constitutive SOS induction) and recBC Ϫ mutant (increased dsDNA breaks) were reduced 10-, 250-, and 200-fold, respectively, when all 4 translesion polymerases were inactivated. However, the polymerases do not contribute to deletion formation in a simple additive manner, and all 4 polymerases need to be inactivated to achieve a substantial reduction in deletion rate (Figs. 2, 3, and 5 A and B) . One potential explanation for this observation is provided by the fact that these polymerases compete hierarchically (PolIII Ͼ PolI Ͼ PolII Ͼ PolIV ϭ PolV) for binding to the B-clamp of the replication fork (39) . Thus, if one of the polymerases early in the hierarchical chain is inactivated by mutation, another polymerase downstream in the chain might have better access to the replication fork; therefore, the overall effect on the deletion rate might be relatively small until all 4 polymerases are inactivated.
Previous studies have shown that deletion rates only weakly depend on RecA, implying that spontaneous deletions often form via RecA-independent homologous recombination (2-4). In our experimental system, RecA influenced deletion formation, but the extent of the effect depended strongly on the genetic background. In an otherwise wild-type background, a recA Ϫ mutation caused a 5-fold decrease in deletion formation (Fig. 2) . Because RecA is required for SOS induction, and it has been shown that for logarithmically growing wild-type cells a fraction of the cells induce the LexA regulon to some degree (40) , this decrease in deletion rate could be explained by an inability of the recA mutant to induce the SOS response. This hypothesis is also supported by the fact that a lexA IND mutant, incapable of inducing the LexA regulon, showed an Ϸ2-fold decrease in deletion rate (Fig. 2) , indicating that at least half of the deletions formed in the wild-type background during normal growth depend on spurious SOS induction (40) . In a lexA(def) genetic background, absence of RecA caused a 4-fold reduction in deletion formation (Fig. 3) . In the lexA(def) background, the SOS regulon is constitutively expressed, and should, therefore, be unaffected by the recA Ϫ mutation. However, because RecA mediates proteolytic cleavage of the UmuD protein of PolV, resulting in activation of the UmuD 2 C complex (41), the lack of RecA could reduce the deletion rate by preventing the activation of PolV, which, as shown by our data, contributes to deletion formation (Fig. 3) . Last, when overexpressing PolII and PolIV, absence of RecA had no effect on the deletion rate. Overall these data suggest that RecA is not necessarily required for translesion polymerase mediated deletion formation, but that it can have an indirect effect on the deletion rate due to its involvement in proteolytic activation of the UmuD 2 C complex and cleavage of the LexA protein to induce the SOS regulon.
By which mechanism could the translesion polymerases promote deletion formation? One potential explanation is that, because of the low processivity of these polymerases, overproduction of the polymerases induces replication pausing (32) , and as a result DNA breaks and an associated increase in recombination (25, 31) . However, this explanation is less likely, because inactivation of all 4 translesion polymerases in a lexA(def) genetic background reduced deletion formation below wild-type rates without being associated with any measurable reduction in DNA break formation. However, it is formally possible that the translesion polymerases could generate a rare specific type of break that promotes deletion formation and that cannot be distinguished in the bulk measurement of breaks assessed by the TUNEL assay.
Alternatively, based on recent work indicating a role of PolIV in DSB repair (R) (26, 42) , one could hypothesize that deletions result from misaligned break repair complexes. However, because RecA is required for break repair (29) , one would expect a dependence of RecA on deletion formation, which is not observed when PolII and PolIV are overexpressed. However, increased amounts of breaks seem to be associated with increased deletion rates, as shown by previous studies (18, 31) , and our demonstration that in a lexA(def) mutant overexpressing the translesion polymerases, removal of 3 LexA-controlled endonucleases (uvrB, uvrC, and cho) causes both a reduction in deletion formation (Fig. 3 ) and DNA breaks (Fig. S1) . Also, because our experiments show an important role for the translesion polymerases in deletion formation (Fig. 3) , together, these results suggest that both DNA breaks and translesion DNA polymerases are required for increased deletion formation. Therefore, we hypothesize that the polymerases act on DNA ends generated by breaks, and allow replication from an invading misaligned ssDNA end in a RecA-independent manner. This model has some precedence, because structural data suggest that the translesion polymerases can replicate from misaligned primers (43) . By such a mechanism, deletion formation between distant chromosomal sites with little or no homology could be promoted, explaining the poor homology at the endpoints of many spontaneously formed deletions (4).
Materials and Methods
Bacterial Strains, Genetic Methods, and Growth Conditions. The bacterial strains used in this study were derived from Salmonella enterica var typhimurium LT2 (designated S. typhimurium throughout this article) and are listed in Table S2 . All gene transfers were made by P22 transduction (44) . Bacteria were grown in standard Luria-Bertani broth (LB) or M9 minimal medium supplemented with 0.2% glucose or glycerol (45) . When grown overnight, bacteria were incubated at 37°C, and liquid cultures were shaken at 200 rpm. Antibiotic concentrations used were as follows: ampicillin (Amp) 100 mg/L, kanamycin (Kan) 50 mg/L, chloramphenicol (Cam) 20 mg/L, and rifampicin (Rif) 100 mg/L in both agar plates and culture media.
PCR, Linear Transformation, and Mutant Construction. See SI Materials and Methods. All plasmids were prepared by using the EZNA plasmid mini kit (Omega Bio-Tek) and transferred between strains by using transformation. Deletions of the polymerase genes in S. typhimurium were constructed by linear transformation as described previously in strain DA6196 carrying the red system (46) . Linear DNA was produced by PCR using primers F: 5Ј-tgtaggctggagctgcttc-3Ј and R: 5Ј-catatgaatatcctcctta-3Ј for Cam and Kan cassettes and F: 5Ј-caccaaacaccccccaaaacc-3Ј and R: 5Ј-cacacaaccacaccacaccac-3Ј for the Rif cassette, with 40 bp of homologous DNA to insertion site flanking at the 5Ј ends (Tables S3 and S4 ). All primers were from MWG-Biotech. As templates, plasmids pKD3 (Cam) and pKD4 (Kan) and chromosomal DNA from strain DA10194 (Rif) were used to create the respective antibioticresistance marker. DNA was subjected to gel electrophoresis, and bands of the appropriate size were cut out and purified with GFX-PCR purification kit (Amersham). Resistance markers from pKD3 and pKD4 inserted by linear transformation included FRT-recombination sites present on the template plasmids. Resistance markers were removed from strains by using plasmid pCP20 carrying the FLP-recombinase under thermal induction control (46) . mod-gal Assay. In the S. typhimurium chromosome, the mod-gal region can be used to study spontaneous deletion formation. In this region, 2 operons, mod and gal, are separated by 1 kbp of DNA. Loss of function mutation in any of the mod genes renders cells chlorate resistant because of inactivation of the molybdate transport pathway (47) . Any inactivating mutation in the gal operon will make the cells unable to grow on galactose, which can be seen as white appearance on MacConkey agar plates containing galactose. To ensure that chlorate-resistant white colonies harbor deletions, we included a kanamycin-resistance gene between the 2 operons, that in the case of a deletion should be lost and the cells will become kanamycin sensitive (Fig. 1) . To determine the rate of deletion formation in the mod-gal region, bacteria were grown in 9 independent 1-mL overnight cultures inoculated with 10 6 cells, in M9 minimal medium supplemented with 0.2% glucose or glycerol. Strains with arabinose-induced plasmid expression were grown in M9-glycerol to avoid inhibition of the araBAD promoter by glucose (for these strains, deletion rates of wild-type cells grown in the same media with the same arabinose concentration were used to calculate relative rates). For all other strains, M9-glucose was used; 900 L from each overnight culture was plated on MacConkey agar plates (Difco) supplemented with 0.2% galactose and 0.2% sodium chlorate. Plates were incubated at 37°C for 24 h anaerobically and then for 6 h aerobically to select for chlorate-resistant colonies that carried mod mutations. These colonies were then scored for white appearance (gal mutations), and white colonies that were kanamycin susceptible were confirmed as deletions (48) . For each independent culture, the number of chlorate-resistant, white, kanamycin-susceptible colonies was divided by the total number of cells plated and deletion rates were calculated with either the median or P 0 method (49) . For strains containing the pBAD::dinB, pBAD30::polB, pBAD30::umuDC, and pBAD30::samAB plasmids, M9-glycerol supplemented with 0.01% arabinose was used to overexpress the PolII, PolIV, PolV, and SamAB proteins, respectively (50) . All measured deletion rates are listed in Table S1 . TUNEL Assay. To measure the amount of breaks in living cells, the TUNEL assay was used (51) . Cells were grown in 1 mL of LB overnight at 37°C and diluted 1:20 into 10 mL of fresh LB. After 1.5 h of growth at 37°C, arabinose (0.01%) or 2 g/mL MMC (Fluka) was added to the cultures and cells were grown for another 1.5 h. Nontreated cultures were grown for an additional 1.5 h; 30 L of the cells was centrifuged, resuspended, and fixed with 4% paraformaldehyde (Fluka) for 30 min; 0.1% Triton X-100 (Sigma) in 0.1 M sodium citrate (Merck) was used to permeabilize the cells for 2 min on ice. The TUNEL reagents were diluted 1:9 as described by the manufacturer (Roche), and enzyme, labeling agents, and cells were incubated in the TUNEL mix for 1 h at 37°C in the dark. Nonlabeled, red [propidium iodide (PI)], green (TUNEL), and red-green (PI ϩ TUNEL) controls were used. For all controls, wild-type (DA10212) cells were stained with: PI (Fluka), TUNEL, or PI and TUNEL. MMCtreated cells were used as positive controls. PI was used at a concentration of 0.5 g/L in 1ϫ PBS. After the TUNEL reaction, cells were spun down and stained with PI for 10 min on ice in the dark (51) . Samples were studied with FacsAria (BD). For every sample, at least 100,000 counts were measured, and grids were set to contain viable single cells, and for green counts no more than 1% of wild-type (DA10212) cells were allowed to pass as green.
